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Eclogitization and Shear Zone Kinematics in the 
Lofoten Islands, Northern Norway 
Valery, C.A. 
College of William & Mary, Williamsburg, VA 
Abstract 
This study focused on the structure and petrology of a retrograded eclogite-facies shear 
zone in Nusfjord, Flakstadøy in the Lofoten Islands, northern Norway. My goals were to: 1) 
evaluate the nature of the protoliths both within and next to the shear zone; 2) quantify the 
deformation kinematics of the shear zone.  
The shear zone developed in a gabbronorite host rock hypothesized to be part of the 
Anorthosite-Mangerite-Charnockite-Granite Suite, which was emplaced ~1.8 Ga. Shear zone 
formation and eclogitization has been reported to have occurred at 478 Ma due to metamorphic 
and deformational events of the Caledonian Orogeny. The shear zone length exceeds 200 m, was 
3 m in thickness, and has sharp boundaries that strike 295° and dip ~80° NE. Foliation within the 
zone is oriented 290° 85° NE with a gently plunging elongation lineation. Kinematic indicators 
are consistent with left-lateral strike-slip. Mylonitic rocks in the zone are dominated by 
plagioclase, amphibole, and garnet, with lesser amounts of biotite, epidote, Fe-Ti oxides, and 
scapolite. The rocks thus appear to be retrograded, mylonitic amphibolites that were once 
eclogites based on the recrystallized texture of elongate plagioclase ribbons and relict 
clinopyroxene grains. Rocks immediately next to the SW boundary of the shear zone lack 
amphibole, but contain additional clinopyroxene and orthopyroxene. Normative mineralogy 
indicates gabbroic-gabbronoritic protoliths for rocks both within and next to the shear zone, with 
intermediate Mg-number ~44.   
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Whole rock composition of sheared rocked and un-sheared adjacent rocks are similar, 
suggesting little chemical change/volume loss from deformation. Chondrite-normalized REE 
patterns for both are LREE-enriched (avg. LaN/LuN = 5.1), and all samples display prominent 
positive Eu-anomilies. The latter feature suggests that the protoliths were cumulates enriched in 
plagioclase.  
The 3D fabric analysis is consistent with moderate-strong oblate strain.  Assuming simple 
shear, the relationship between Rs, Θ angles, and shear strain (γ) yield a displacement estimate of 
~57 m across the zone.  However, intrafolial folds and back rotated structures require zone 
normal shortening and general shear. The average vorticity number for the zone corroborated 
this, with Wm = 0.9, denoting general shear, and thus adjusts the displacement estimate to be ~30 
m. Thin sections showed clear retrogression, preserved flow of recrystallized plagioclase into 
drawn-out ribbons, garnet rimming between the amphibole and plagioclase ribbons, albite 
twinning, and heavily fractured garnets.  
These data are interpreted to indicate that fluid-mediated strain weakening under 
eclogite-facies metamorphic conditions caused dynamic recrystallization of feldspars and shear 
zone formation within a gabbroic-gabbronoritic host rock. 
Introduction 
Although there are a plethora of studies regarding shear zones and eclogites, the true 
characteristics of the eclogite-facies shear zones in the Lofoten Islands remain enigmatic (Fig. 1). 
The geologic community can gain valuable insight concerning Earth’s large-scale, tectonic 
processes by juxtaposing eclogite formation conditions with the kinematics of shear zone 
development. Eclogite-facies shear zones are a means through which we can learn about the 
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dynamism of the Earth’s interior; they not only tell us about how rocks journey to such great 
depths (up to 50 km) and return to the surface, but eclogite-facies shear zones also can tell us 
about the inner-workings of collisional tectonic events and the traces these events leave in the 
geologic record. 
To begin to understand the importance of eclogite-facies shear zones, it is critical to have 
an understanding of their components and how those components interact. Eclogites, high-
pressure and high-temperature metamorphic rocks, form up to 50 km beneath the Earth’s surface 
and are one of the only rock types stable near the continental crust-mantle boundary (Austrheim, 
1986). Typical eclogite mineral assemblages include omphacite and garnet as the primary 
constituents as well as minor amounts of kyanite, rutile, and quartz (Markl and Bucher, 1997; 
Best, 2003). By examining the mineral assemblage transitions and chemical compositions of the 
minerals in these rocks, I can learn about the physical conditions endured by the eclogites in the 
Lofoten Islands’ shear zones.  
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Shear zones are ductile fault systems that form below the Brittle-Ductile Transition Zone 
and are the geologic structure in which some of the Lofoten eclogites formed (Kassos, 2008). 
Three types of shearing can occur in rocks within a shear zone: pure shear, simple shear, and 
general shear. Pure shear is when rock is flattened and has stress applied to it in one direction. 
Simple shear is when rock has its top and bottom pushed in opposing directions from one 
another. Consequently, general shear is a combination of pure shear and simple shear.  
Shear zone kinematics, or quantitative characterizations of the motion of particles being 
sheared, when combined with the conditions garnered from the eclogite-facies metamorphism, 
can be used to quantify the deformational and geochemical processes these rocks underwent 
Figure 1. Locator map of the Lofoten Islands in northern Norway. Nusfjord, the study site, is marked with a 
red circle. 
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during their odyssey through the crust. Ultimately, this information can give us clues to the 
mechanics of the eclogites’ extremely deep burial and exhumation. Thus, the purpose of my 
research is to evaluate the nature of the protoliths both within and adjacent to the shear zones and 
to quantify the kinematics of eclogite-facies shear zones in the Lofoten Islands.   
Background 
Geologic Setting 
 The Lofoten Islands are an archipelago off of the coast of northern Norway at a latitude 
of ~67.5° N, and form a part of the Scandinavian Caledonides, a mountain range bordering 
Norway’s western coast that formed during the Caledonian Orogeny between 505-390 Ma (Fig. 
1) (Corfu, 2004). The geologic history of the Lofoten Islands is complex and includes a series of 
intrusive, deformational, and metamorphic events that altered many of Lofoten’s rock units and 
structures over time. Lofoten’s geologic history began approximately 2.7 Ga with the formation 
of Archaean basement plutons which were migmatized at 2.3 Ga (Griffin et al., 1978; Markl and 
Bucher, 1997; Corfu, 2004; Steltenpohl et al., 2006; Kassos, 2008; Steltenpohl et al., 2011b). At 
2.1 Ga, supracrustal rocks were deposited and shortly thereafter, starting at roughly 1.9 Ga, they 
experienced a granulite-facies metamorphic overprint (Griffin et al., 1978; Markl and Bucher, 
1997; Corfu, 2004; Steltenpohl et al., 2006; Kassos, 2008; Steltenpohl et al., 2011b).  
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During the latter half of this event, first at 1.87-1.86 Ga then again at 1.80-1.79 Ga, a 
suite of mangeritic and charnockitic plutons as well as smaller gabbroic, anorthositic, and 
granitic plutons were emplaced into the basement rocks (Fig. 2) (Griffin et al., 1978; Kullerud et 
al., 2001; Corfu, 2004; Steltenpohl et al., 2006; Kassos, 2008; Steltenpohl et al., 2011b). This 
suite of plutons is known as the Anorthosite-Mangerite-Charnockite-Granite (AMCG) Suite and 
generally crystallized at ~1000-1200 °C and ~4-9.4 kbar (Markl and Frost, 1999; Corfu, 2004). 
Figure 2. Geologic map of Flakstadøy and Vestvågøy (modified from Steltenpohl et al., 2006). The “e” 
symbols denote locations of eclogites. 
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Some of the protoliths for the eclogites in Lofoten today are from this AMCG Suite, while other 
protoliths are derived from the older country rock (Fig. 2).  
Approximately 1.3 billion years later, during the Caledonian Orogeny, which lasted 
approximately from 505-390 Ma, the Baltic Shield (or the continent of Baltica), Avalonia, and 
northeastern Laurentia collided. This caused the Baltic Shield to subduct, break apart, and the 
upper parts of the Shield with the overlying Leknes Group (an allochthonous group of 
metasedimentary and metavolcanic rocks with an unknown origin) to be thrust over the lower 
parts of the Baltic Shield (Jamtveit et al., 1990; Klein and Steltenpohl, 1999). The Leknes Group 
was thrust upon the Lofoten basement rocks at 469-461 Ma under amphibolite-facies conditions 
(Klein and Steltenpohl, 1999; Froitzheim et al., 2016).  
As this emplacement happened, the lower parts of the Baltic Shield, essentially the 
Lofoten basement rocks, continued to subduct into the mid-lower crust for approximately 17 
million years. This led to crustal thickening followed by post-Caledonian extensional normal 
faulting in the late Devonian (~350 Ma), which in turn caused the orogeny to collapse (Klein and 
Steltenpohl, 1999). Extensional collapse allowed for the older Paleoproterozoic Lofoten 
basement rocks to be exhumed where they experienced a pulse of rapid uplift, and then remained 
at upper-mid crustal depths for 100-190 million years before slowly uplifting to the surface (Fig. 
3) (Kassos, 2008).  
Previous Work 
Geochronology 
There are two models for the timing of eclogitization. Some studies report that 
eclogitization of the mostly-mafic, granulite-facies country rock occurred at some time between 
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1.7-1.1 Ga (Markl and Bucher, 1997; Corfu, 2004). According to Markl and Bucher (1997), the 
eclogites formed in shear zones (and in some relict boudins) during a continuous ductile 
deformation episode, which was due to increased pressures, a collisional and crustal-thickening 
event, and the availability of fluids. Another hypothesis, made by Jamtveit et al. (1990), Kassos 
(2008), Steltenhpohl et al. (2011a), and Steltenpohl et al. (2011b), is that the eclogitization 
occurred at ~480 Ma during the deformational and metamorphic events associated with the 
Caledonian Orogeny based on U/Pb system disturbances seen in zircons (Fig. 3). 
Few localities of eclogites in Lofoten retain their original mineral assemblages because of 
an amphibolite-facies metamorphic event that yet again overprinted the rocks and caused 
retrograde metamorphism (Griffin et al., 1978; Markl and Bucher, 1997; Kullerud et al., 2001; 
Corfu, 2004; Steltenpohl et al., 2006; Kassos, 2008; Steltenpohl et al., 2011a; Steltenpohl et al., 
2011b). There are also two models regarding when the amphibolite-facies retrogression 
occurred. Griffin et al. (1978) and Markl and Bucher (1997) reported that it happened ~1.1 Ga, 
while Steltenpohl et al. (2006), Kassos (2008), Steltenpohl et al. (2011a), and Steltenpohl et al. 
(2011b) reported that it happened during the Caledonian Orogeny, sometime during 469-461 Ma 
based on U/Pb zircon ages of the Leknes Group.  
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Figure 3. Time-depth diagram depicting the path of the eclogitized rocks found in Nusfjord. The path from the emplacement of the plutons 
to their eclogitization is still unknown. 
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Mineralogical Studies 
Examples of the major mineral components in the assemblage transition between 
granulites and eclogites in a shear zone in Holsnøy, Southern Norway (Austrheim, 1986). The 
granulites include plagioclase, diopside, garnet, orthopyroxene, and accessory minerals such as 
amphibole, while the eclogites include omphacite, garnet, kyanite, amphibole, quartz, minor 
plagioclase, and a variety of other accessory minerals (Austrheim, 1986). The eclogites in the 
Lofoten Islands, particularly on the island of Flakstadøy, experienced a retrograde metamorphic 
event in the amphibolite facies sometime after formation (Markl and Bucher, 1997; Kullerud et 
al., 2000; Steltenpohl et al., 2006; Kassos, 2008; Steltenpohl et al., 2011b; Steltenpohl et al., 
2011a). Some retrograded eclogite samples show a mineral assemblage of sparse relict 
omphacite, the occasional relict garnet, and retrograde pyroxene, amphibole, and plagioclase 
(Steltenpohl et al., 2011b). Additionally, many of the omphacite grains are replaced with a 
plagioclase-clinopyroxene symplectite, and under more severely retrograded conditions, 
amphibole further replaced omphacite to the point where there was no relict omphacite left 
(Markl and Bucher, 1997; Kullerud et al., 2001).   
Kullerud et al. (2001) reported mineral assemblages for eclogitized rocks in a shear zone 
in Nusfjord and noted that the gabbronorite hosting the shear zone contains plagioclase, 
clinopyroxene, orthopyroxene, biotite, magnetite, minor ilmenite, as well as garnet and green 
amphibole. The gabbronorite becomes more deformed at the shear zone boundaries. The shear 
zone itself is composed of a basaltic dike rock with a xenolith of a compositionally different 
mafic rock in a portion of the dike. The rocks within the boundaries of the shear zone were 
reported to be compositionally rich in Cl-bearing minerals and the center of the shear zone as 
compositionally poor in Cl-bearing minerals. The dike rock is composed of a foliated matrix of 
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primarily fine-grained green amphibole and plagioclase along with garnet and the occasional 
relict clinopyroxene grain (Kullerud et al., 2001). The mafic xenolith, on the other hand, is 
reported to be an eclogite with green omphacite, plagioclase, garnet, apatite, rutile, and ilmenite. 
Symplectite consisting of plagioclase and clinopyroxene was observed in the eclogite as well 
(Kullerud et al., 2001) (Fig. 4).   
Metamorphic Conditions  
Markl and Bucher (1997) interpreted that eclogitization on Flakstadøy and Austvågøy 
occurred between 1.7-1.1 Ga. They reported that the eclogites formed under minimum conditions 
of 540-680° C and >14 kbar, followed by amphibolite retrogression at ~700° C and >11 kbar. 
This suggests that there was nearly isothermal decompression. Steltenpohl et al. (2011b) also 
reported an exhumation history for the Flakstadøy eclogites after the retrogression based upon 
disturbances in the U/Pb system within zircons from a dike that cuts the mafic host rock. They 
interpreted eclogitization to have occurred at 478 ± 41 Ma at ~50 km beneath the surface and at a 
pressure of 11-15 kbar and 680-780° C. Eclogitization was followed by upward movement of 
roughly 31 km in a span of 14 million years where the amphibolite-facies metamorphism (at 
~496-461 Ma) occurred at peak conditions of 780° C and 9.2 kbar (based on U/Pb ages of 
Figure 4. Schematic, idealized diagram of Shear Zone 2 according to Kullerud et al. (2001) detailing the 
different rock types reported in the zone.  
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Leknes Group metamorphism, which in turn retrograded the eclogites) (Kassos, 2008; 
Steltenpohl et al., 2011b). This implies isothermal/increasing-thermal decompression, which is in 
agreement with the findings of Markl and Bucher (1997), although their timing for the event 
differs (Steltenpohl et al., 2011b). Kullerud et al. (2001) detailed mid-range, similar findings to 
both Markl and Bucher (1997) and Steltenpohl et al. (2011b) with eclogitization pressures in the 
field of 11-14 kbar and temperatures around 650-700° C.  
Based on 40Ar/39Ar dating of retrograde hornblende, Steltenpohl et al. (2011b) 
determined that by 430 Ma the retrograded eclogites must have been at a depth consistent with a 
temperature of ~500° C. Kassos (2008) and Steltenpohl et al. (2011b) estimated that the 
Flakstadøy eclogites were above a temperature of 350° C at 340 Ma, thus they were situated at 
mid-upper crustal depths (15 km) for ~120 million years post the amphibolite retrogression 
before being exhumed to the surface. 
Shear Zone Studies  
In order to understand how shear zones form as a product of deformation, and how this 
could relate to eclogite formation, it is important to consider that there are varying types of shear 
zones. Ramsay (1979) characterized shear zones into three categories: brittle, brittle-ductile, and 
ductile. Brittle shear zones are faults; there are clear discontinuities within the zone and often 
times there are fractured or brecciated features associated with this type of shear zone. Brittle 
behavior occurs along faults due to an overloading of stresses and non-elastic properties at 
shallow depths and relatively cool temperatures. Brittle-ductile shear zones show both brittle 
features and ductile features, much like the name suggests, which can include permanently 
strained features in the walls of the zone as well as fault discontinuities (Ramsay, 1979). Ductile 
shear zones, the third category described by Ramsay (1979), experience deformation under flow 
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and are commonly found within homogeneous, crystalline basement rocks which have endured 
metamorphic conditions up to amphibolite and granulite facies. Ramsay (1979) also pointed out 
in his study that the mineralogy of ductile shear zones formed in basement rocks commonly 
show mineral assemblages associated with the metamorphic facies under which they were 
formed.   
Hull (1988) and Means (1995) defined three different types of shear zones. A Type I 
shear zone has margins that are easier to deform than their interior, which causes a Type I shear 
zone to thicken over time and create an inactive zone in the center of the zone where there is no 
longer any active deformation (Hull 1988; Means, 1995). Type I shear zones’ thickness increases 
and the displacement of the zone increases as well (Hull, 1988). Type II shear zones are in many 
ways the opposite of Type I; the actively deforming region thins over time towards the interior of 
the zone, which causes the marginal zones to become inactive (Hull, 1988; Means, 1995). Type 
II shear zones typically have a negative trend of thickness versus displacement (Hull 1988). 
Finally, the most-actively deforming regions of Type III shear zones do not exhibit thickening or 
thinning, thus showing no change in thickness with displacement over time (Fig. 5) (Hull 1988; 
Means, 1995).  
  
17 
 
  
Figure 5. Diagrams of Type I and Type II shear zones. The one sided arrows on the outsides of the boundaries denote the direction in which 
each side is shearing. The margins (m) and interiors (i) are appropriately shaded to show the region of active deformation for each type. 
The bold, black arrows show the direction the actively deforming region is migrating; Type I has the zone migrating outwards while Type II 
has the zone migrating inwards. On the left sides of each diagram are the strain ellipses for each region of the shear zones. Type III depicts 
a zone that has a constant thickness that does not change (modified from Means, 1995).  
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In addition to shear zone type, kinematic vorticity number can be used to characterize 
shear zones. Vorticity, as it is described by Simpson and De Paor (1992), is the rotational 
component of material during deformation. Because most rocks are not actively deforming today 
whilst geologists’ study them, a unit-less, kinematic vorticity number (Wm) is used to assess and 
categorize past deformations. This number accounts for both components of pure and simple 
shear during steady ductile flow; if Wm = 0, there was no rotational component of deformation 
and there was only pure shear; if Wm = 1, there was only rotational components of deformation 
and thus there was only simple shear (Simpson and De Paor, 1992; Fossen, 2010). A vorticity 
number between 0 and 1 denotes general shear: the combination of both pure and simple shear 
components (Fig. 6) (Simpson and De Paor, 1992). Vorticity numbers are important kinematic 
indicators because they can be used to quantify the lateral displacement along a zone, which can 
in turn help elude to overarching tectonic processes happening in an area over time.  
Figure 6. Schematic, idealized diagram of the change in shape of a square object after various types of shearing and the 
associated kinematic vorticity number with said deformations (modified from Dr. Christopher Bailey, 2017).  
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 Shear Zone Formation 
 In his analysis of his data and field observations from Nusfjord, Kassos (2008) 
interpreted there to be one gabbronoritic host rock unit with sheared tabular mafic injections 
forming shear zones. The transformation of minerals in the gabbronorite to minerals of eclogite 
facies served to weaken the rock such that it formed a locus for crystal-plastic deformation and 
thus the formation of the shear zones (Kassos, 2008; Steltenpohl et al., 2011b). Additionally, 
Kullerud et al. (2001) proposed that there were three distinct rock types involved: a gabbro-
anorthosite host rock, a basaltic dike which facilitated and confined the shearing, and another 
mafic xenolith within the dike. Interestingly enough, both Kullerud et al. (2001) and Kassos 
(2008) reported Cl-rich minerals in the rocks in the interior of the shear zones (Fig. 4).  
Both studies also reported a strong foliation and an elongation lineation inside the shear 
zones (Kullerud et al., 2001; Kassos, 2008). The intensity of the shearing appeared to increase 
toward the center of the zones and the angle of foliation became more parallel to the shear zone 
boundary towards the center as well (Kullerud et al., 2001; Kassos, 2008). Kullerud et al. (2001) 
highlighted that previous studies thought multiple pulses of Cl-rich fluids permeated the mafic 
intrusions to cause shearing and the formation of Cl-bearing minerals, and that eclogitization 
occurred during this deformation event with a second reactivation of fluid flow under 
amphibolite-facies conditions, thus causing the retrogression of the eclogites. However, the 
actual findings of Kullerud et al. (2001) suggest that there was only one deformational and 
metamorphic event facilitated by fluid flow, which resulted in the shearing and the compositional 
differences of the protoliths. These differences in protoliths caused the variations in amphibole 
formation in the dike rock and eclogite formation in the mafic xenolith (Fig. 4) (Kullerud et al., 
2001).  
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Methods  
Field work was completed over the course of three days on the island of Flakstadøy, near 
Nusfjord. I examined two shear zones in Nusfjord, Shear Zone 1 (SZ1) and Shear Zone 2 (SZ2), 
as my study site to conduct this research. Kassos (2008) posited that the Nusfjord shear zones 
were “true” eclogite-facies shear zones, meaning that the minerals in the host rock were 
progressively transformed into eclogite-facies minerals within the shear zone boundaries and 
served as a locus for crystal plastic deformation. This is corroborated by what is typically seen in 
ductile shear zones according to Ramsay (1979); the shear zone reflects the metamorphic facies 
mineralogy under which it formed. Additionally, multiple studies reported there to be well-
exposed outcrops of the Nusfjord shear zones for sampling and mapping purposes (Kullerud et 
al., 2001; Kassos, 2008; Steltenpohl et al., 2011b).  
I mapped the shear zones, measured foliations and lineations, and used these data to 
determine where the zones start and terminate in order to determine how much displacement has 
occurred, and to determine the thickness of the shear zones. I collected data in the laboratory in 
order to quantify the deformation kinematics of these eclogite-facies shear zones by completing a 
fabric analysis as well as an assessment of the types of strain and shear. Completed along with 
this was a quantitative estimate of the vorticity numbers of various rock samples across the shear 
zones in order to glean insight on their mechanics. Additionally, I assessed the changes in bulk 
rock chemistries through analysis of Inductively Coupled Plasma Emission Spectroscopy (ICP-
ES) and Inductively Coupled Plasma Mass Spectrometry (ICP-MS) data.  
Thin section blocks were cut using a tile saw upon my return to the United States from 
the Lofoten Islands in order to prepare my oriented and massive samples. On a select group of 
my samples, I cut two thin section blocks from each rock. One block was cut such that it was 
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oriented perpendicular to the foliation and parallel to the lineation in order to show a view of the 
maximum elongation that rock would have experienced (Sx – Sz plane). The other block was cut 
such that it was both perpendicular to the foliation and lineation in order to show the view of 
minimum elongation (Sy – Sz plane).  
I selected two traverses from which to make thin sections. These traverses were chosen 
because they included samples from outside the boundaries, the interiors of the boundaries, and 
the centers of the zones. The thin section blocks were sent to Spectrum Petrographics Laboratory 
in Vancouver, Washington, where they were cut into finished thin section slides. Minerals and 
microstructures present were recorded and identified before I completed aspect ratio and φ angle 
measurements (the angle between the foliation in the rock and a mineral grain, or elongated 
ribbon, in many of my rocks). The aspect ratios and the φ angles were plotted to show the 
distribution of mineral shapes and rotations as well as in order to calculate the median aspect 
ratio (Rs).  
All of these structural measurements were analyzed in order to make kinematic 
calculations, such as kinematic vorticity numbers and displacement estimates. A sample’s 
vorticity number is the mathematical ratio between the shape change and rotation of the rock that 
has been sheared. The Rs/Θ method was used to determine the shear strain (γ) and vorticity 
numbers for plotted samples. This method took the ratio (Rs) of strained major and minor axes of 
feldspar ribbons and compared that to the angle between the foliation of the rock and the high 
strain zone boundary (HSZB) (Θ). The comparison of these two values was plotted with other 
Rs/Θ couples for known vorticity numbers, and I used this to calculate the vorticity numbers for 
my particular rock samples. I then averaged these numbers to find the average vorticity number 
for SZ2.  
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To assess the petrographic aspects of eclogitization and shear zone formation, I analyzed 
bulk geochemical data for one traverse of rock samples across SZ2, which included samples 
KV4A, KV4B, KV4D, KV4E, KV4G, and KV4H. This was beneficial for determining how the 
chemical compositions of my rock samples changed from the inside and outside of SZ2. ICP-ES 
was employed to determine the major element compositions of my rocks, ICP-MS was used to 
determine many of the trace element compositions in my rocks, and Aqua Regia (AQ) was used 
to determine another set of trace element compositions. These analyses were accomplished 
remotely at the Bureau Veritas Laboratory in Vancouver, Canada.  
I plotted various conserved, chemical constituent weight percentages against one another 
to calculate overall volume change in addition to calculating the normative mineralogy and Rare 
Earth Element (REE) concentration chondrite values. Sample density measurements were 
attained by using a scale to determine the mass of each sample and then placing each sample in a 
beaker of water with a known volume. The amount of water displaced was used to determine the 
volume of each sample and uncertainty in reading the volume in the beaker was accounted for to 
the degree of ±1 mL. Maximum and minimum densities were calculated for each sample and 
then the standard deviation of the values was used to determine the error whiskers included in the 
resultant plot.  
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Results 
Field Observations and Structural Measurements 
 Two shear zones were successfully located while in the field and two traverses of 
samples were collected; one traverse was collected from SZ1 and the other from SZ2 (Fig. 7) 
(Table 1). SZ1 and SZ2 are both approximately 3-4 m in width and are exposed for ~200 m in 
length. There are clear transitions from the massive, metamorphosed units bounding the shear 
zones to the deformed and metamorphosed units within the shear zones. Both shear zones appear 
to be left-lateral and are steeply dipping. There appears to be increasingly parallel foliation at the 
centers of the zones when compared with the orientation of the shear zone boundaries.  
Figure 7. Map detailing the location of SZ1 and SZ2. The white boxes show from where samples were collected.  
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Table 1. Samples collected along SZ1 and SZ2 traverses with the corresponding structural measurements. Sample 
names with (a) at the end correspond to a thin section cut in the orientation that is perpendicular to foliation and 
parallel to lineation. Samples names with (b) at the end correspond to a thin section cut in the orientation that is 
both perpendicular to foliation and lineation.  
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  The boundaries for SZ2 and SZ1, respectively, strike 295° and 300° based on map scale 
interpretations and both dip 79° to the NE (Fig. 8). The average foliation strike and dip measured 
in the field for SZ2 was 289° 86° NE, while the average foliation strike and dip measured in the 
field for SZ1 was 311° 87° NE. The structure contour map was used to calculate map scale 
strikes and dips in order to reduce the variability of measurements that can persist in the field and 
provide more accurate averages for the zones. The stereograms plot the poles to foliation, 
elongation lineations, the map scale shear zone boundary measurements for each respective shear 
zone, and the average measured foliation great circles (Fig. 9). As shown, the boundaries and 
foliations of each zone are incredibly steeply dipping, with essentially subvertical orientations. 
For the remainder of this study, SZ2 will be the focus of analyses and interpretation due to SZ2 
having more complete traverses of collected samples and more complete geochemical data sets. 
 SZ2 is bounded on either side by metamorphosed, massive gabbronoritic host rocks and 
contains protomylonitic-mylonitic rocks in its interior (Fig. 10; Fig. 11). The hand samples 
collected from the interior of SZ2 are dull green with white bands of feldspar and pink garnet. It 
was difficult to determine the exact composition of the green mineral in the field due to the fine-
grained nature of the rocks (Fig. 11). The hand sample collected from outside of the SW 
boundary of the zone is gray- and bronze-colored with a coarse, crystalline texture containing 
predominantly pyroxene and plagioclase with accessory biotite (Fig. 11). The hand sample 
collected from outside of the NE boundary is lighter in color, more white as opposed to gray, and 
contains more minerals than just pyroxene and plagioclase, although they were difficult to 
identify in the field. More precise mineral assemblages for each sample were determined after 
observing thin sections and will be detailed in later sections of this thesis. Foliation 
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measurements were taken across SZ2 as well as boundary measurements in order to determine Θ 
measurements for the zone (Fig. 12).  
  
Figure 8. Example of the structure contour map for SZ2. The sample mapping was completed for SZ1 as well.  
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Figure 9. Stereograms of Shear Zone 1 (SZ1) (top) and Shear Zone 2 (SZ2) (bottom) with poles to foliation (black 
points). The map scale strike and dip of each respective shear zone’s boundary is denoted in red. (n) represents 
the number of measurements taken at each shear zone. Orange diamonds denote lineation measurements. 
Average foliation great circles are plotted in thin black lines on each stereogram. 
28 
 
 
  
Figure 10. Annotated diagram of SZ2. Note the backpacks for scale. 
Figure 11. Hand sample pictures of samples KV4A (metamorphosed, massive gabbronorite) and KV4Ba 
(protomylonite).  
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Figure 12. Annotated picture of the SW boundary of SZ2 depicting how Θ angles were determined.  
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Mineralogical and Microstructural Analysis 
KV4A, taken from outside of the SW boundary of SZ2, includes primarily plagioclase, 
clinopyroxene, orthopyroxene, orange-brown biotite, and opaque Fe-Ti oxide minerals with 
accessory garnet (Fig. 11; Fig. 13). KV4H, conversely taken from outside of the NE boundary, 
contains primarily plagioclase, dark green amphibole, orange-brown biotite (higher percentage 
compared to KV4A), pink garnet, and opaque Fe-Ti oxide minerals with accessory 
clinopyroxene found only within symplectites (Fig. 14). The primary minerals found in samples 
taken from within SZ2 include plagioclase, dark green amphibole, orange-brown biotite, pink 
garnet, and opaque Fe-Ti oxide minerals (Fig. 15; Fig. 16). Accessory minerals found within the 
shear zone include epidote, scapolite, white mica, and sphene. Some inner shear zone samples 
have additional minerals, such as sample KV4B taken from the SW boundary of SZ2, which 
includes light green clinopyroxene with orthopyroxene exsolution lamellae. This assemblage 
seems to reflect the amphibolite-facies retrogressive metamorphic event. 
 Regarding the fabric characteristics and microstructures identified in the SZ2 thin 
sections, some features persist through the entire zone while others are localized. Expectedly, the 
samples from outside of the shear zone vary microstructurally from those within the shear zone. 
KV4A and KV4H, from outside the SW boundary and NE boundary of SZ2, respectively, show 
no evidence of recrystallization and plagioclase in both displays albite and Carlsbad twins. Both 
sections have an average plagioclase grain size of ~7 mm and show garnet rims along the 
boundaries between plagioclase and other mineral grains. Minor amounts of amphibole occur in 
KV4A and a considerably higher percentage of amphibole occurs in KV4H. KV4H contains 
multiple areas of symplectites (intergrowths of plagioclase, clinopyroxene, and some amphibole) 
(Fig. 14).  
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KV4B, KV4C, KV4D, KV4E, and KV4G were samples taken from within SZ2 in 
progressing order from the SW boundary (KV4B) to the NE boundary (KV4G). All of these 
samples showed evidence of preserved flow, recrystallization, and retrogression of mineral 
assemblages (Fig. 17). They have an overall average plagioclase grain size of ~0.06 mm and the 
plagioclase grains are equant in all samples as well. Albite twinning was observed in the samples 
in addition to heavily fractured garnets. Plagioclase grains in the inner shear zone samples 
recrystallized into elongate ribbons, which is the one of the ways the ductile flow was preserved, 
but are not solely plagioclase (Fig. 18). Biotite, amphibole, epidote, and other accessory minerals 
litter the interior of the ribbons, although they are primarily composed of plagioclase.  
Asymmetric porphyroclasts of fractured garnet and clinopyroxene with primarily 
amphibole-dominated tails appear to have a left lateral kinematic orientation within sample 
KV4B (one of the only samples containing pyroxene) (Fig. 19). The clinopyroxene in KV4B also 
exhibits orthopyroxene exsolution lamelle. Every sample from within the shear zone, excluding 
KV4C and KV4D, contains garnet rims between areas of fine-grained amphibole and the 
plagioclase ribbons (Fig. 20). There is a higher intensity of preferred grain orientation in the 
samples closer to the boundaries of SZ2 (KV4B and KV4G) while the center of the zone has less 
noticeable preferred grain orientation, although it is still present.  
  
32 
 
  
F
ig
u
re
 1
3
. 
A
n
n
o
ta
te
d
 i
m
a
g
e 
o
f 
m
a
ss
iv
e 
m
et
a
m
o
rp
h
o
se
d
 g
a
b
b
ro
n
o
ri
te
 t
h
in
 s
ec
ti
o
n
 K
V
4
A
 f
ro
m
 o
u
ts
id
e 
o
f 
th
e 
S
W
 b
o
u
n
d
a
ry
 o
f 
S
Z
2
. 
P
l 
–
 p
la
g
io
cl
a
se
. 
B
t 
–
 b
io
ti
te
. 
C
p
x 
–
 c
li
n
o
p
yr
o
xe
n
e.
 F
ie
ld
 o
f 
vi
ew
 (
F
O
V
) 
is
 3
 c
m
. 
 
33 
 
  
F
ig
u
re
 1
4
. 
A
n
n
o
ta
te
d
 i
m
a
g
e 
o
f 
m
a
ss
iv
e 
m
et
a
m
o
rp
h
o
se
d
 g
a
b
b
ro
n
o
ri
te
 t
h
in
 s
ec
ti
o
n
 K
V
4
H
  
fr
o
m
 o
u
ts
id
e 
o
f 
th
e 
N
E
 b
o
u
n
d
a
ry
 o
f 
S
Z
2
. 
S
ym
p
le
ct
it
e 
is
 o
u
tl
in
ed
 i
n
 
ye
ll
o
w
 (
in
te
rg
ro
w
th
 o
f 
p
la
g
io
cl
a
se
, 
cl
in
o
p
yr
o
xe
n
e,
 a
n
d
 s
o
m
e 
a
m
p
h
ib
o
le
).
 F
O
V
: 
8
 m
m
. 
 
34 
 
  
Figure 15. Samples KV4E (mylonitic amphibolite, top) and KV4B 
(protomylonite, bottom) photographed to show the different orientations from 
which thin sections were made.  
3 cm 
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Figure 16. Annotated images of retrograded protomylonite thin section KV4Ba (Sx – Sz plane) from the SW boundary of SZ2. Pl – 
plagioclase. Bt – biotite. Gt – garnet. Cpx – clinopyroxene. The green colored minerals in the left image are amphibole (the same as the 
orange tinted minerals in the right image). The left image is under plane polarized light while the image on the right is under cross 
polarized light. FOV = 3 cm for both images.  
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Figure 18. Annotated images of retrograded protomylonite thin section KV4Ba (Sx – Sz plane) taken from 
the SW boundary of SZ2. White outlines delineate the end of an elongated plagioclase ribbon. The top 
image is under plane polarized light to show the other minerals inside of the ribbon other than 
plagioclase. The bottom image it under cross polarized light. FOV: 8 mm for both images.  
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Whole-rock Compositions 
With the exception of sample KV4H, the samples show little variation in major element 
composition, with differences ranging by only a few percentage points (Table 2). However, the 
standard variation plot of MgO and SiO2 weight percentages can provide valuable insights into 
some overall trends (Fig. 21). The trend in the upper left portion of Figure 21 indicates an 
accumulation of mafic minerals whereas the trend in the lower right portion of Figure 21 
indicates an accumulation of plagioclase. Additionally, the undeformed rocks and sheared rocks 
have similar weight percentages that vary minimally. At approximately 0.7-1.7 m inside the SZ2 
SW boundary, it is worth noting that there are slightly elevated and depleted levels of some of 
the major oxides (Fig. 22).  
The CNK plot portrays calculations of (moles of Na2O + moles of K2O) / (moles of 
Al2O3) on the x-axis and calculations of (moles of Al2O3) / (moles CaO + moles of Na2O + 
moles of K2O) on the y-axis (Fig. 23). These calculations for these major oxide chemical 
constituents were determined from the weight percentages provided by the ICP-ES geochemical 
data (Table 2). The SZ2 samples plot in the metaluminous region of the plot. The modal 
mineralogy for metalumious rocks includes hornblende and biotite, both of which are currently 
present within my SZ2 samples. The normative mineralogy for metaluminous rocks includes 
diopside because of the excess Ca from the higher amount of CaO. The normative mineralogy 
for my SZ2 samples indicated that they are diopside normative. 
The ACF diagram was constructed using SigmaPlot software and the ICP-ES 
geochemical data weight percentages (Fig. 24) (Table 2). The following formulas were used to 
calculate the A, C, and F values in units of moles (Blatt et al., 2006): 
𝐴 =  𝐴𝑙2𝑂3 − (𝑁𝑎2𝑂 + 𝐾2𝑂) 
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𝐶 =  𝐶𝑎𝑂 − 3.3(𝑃2𝑂5) 
𝐹 =  𝐹𝑒𝑂 + 𝑀𝑔𝑂 + 𝑀𝑛𝑂 
According to the plotted SZ2 samples, samples from both the outsides and inside of SZ2 are very 
similar in composition and cluster closely within the lower right of the diagram (Fig. 24).  
Ternary diagrams were plotted on SigmaPlot using the normative weight percentages of 
total feldspar constituents (albite, orthoclase, and anorthite), olivine, clinopyroxene (diopside), 
and orthopyroxene (hypersthene) (Fig. 25; Fig. 26). The CIPW normative mineralogy was 
determined based on the ICP-ES geochemical data and the ternary plot divisions were adopted 
from Streckeisen (1974) (Table 2). All samples are rich in normative feldspar (64-79%). The 
samples plot predominantly within the gabbro and gabbronorite regions of Figure 25 and within 
the olivine gabbro and olivine gabbronorite region of Figure 26. The average Mg number for the 
SZ2 rocks is an intermediate value of 43.1, thus placing their protoliths in the 
gabbro/gabbronorite range of classification (Table 2).  
The chondrite normalized REE patterns calculated for all samples show a positive Eu-
anomaly and are LREE-enriched (avg. LaN/LuN = 5.1) (Fig. 27). The positive anomaly for Eu in 
all of the SZ2 samples is consistent with all samples being plagioclase cumulates, which is 
consistent with the normative mineralogy. The high levels of Sr (722-1001 ppm) are also 
consistent with an abundance of plagioclase.  
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Figure 21. Standard variation plot of weight percentages of MgO and SiO2 for SZ2 samples.  
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Figure 22. Weight percentages of major oxides for SZ2 samples plotted against the distance from the southwest (SW) shear zone 
boundary. The shear zone had a width of 3 m (gray shaded region). The x-axis ranges from 2 m to the SW of the zone up to 5 m past 
the northeast (NE) boundary (total of 8 m from the SW boundary). 
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Figure 23. Plot of (moles of Na2O + moles of K2O) / (moles of Al2O3) against (moles of Al2O3) / (moles CaO + 
moles of Na2O + moles of K2O).  
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Figure 24. ACF ternary plot. 
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Oxides KV4A KV4B KV4E KV4D KV4G KV4H        
SiO2 47.87 47.490  48.420  47.580  47.770  50.040  
Al2O3 17.86 18.120  19.980  18.400  17.470  21.540  
Fe2O3 (T) 13.95 14.100  11.420  13.060  14.280  9.470  
FeO 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 5.42 5.440  4.250  5.330  5.660  3.570  
CaO 9.17 8.960  9.250  8.770  9.340  8.500  
Na2O 3.11 3.180  3.570  3.360  3.030  3.910  
K2O 0.52 0.580  1.000  1.430  0.450  1.390  
TiO2 1.60 1.570  1.340  1.450  1.690  1.020  
P2O5 0.01 0.010  0.010  0.010  0.010  0.010  
MnO 0.16 0.170  0.140  0.160  0.170  0.110  
LOI 0.00 0.000  0.300  0.100  -0.200  0.100  
Total 99.67 99.62  99.68  99.65  99.67  99.66  
Fe option 
      
AsIs(1,0) 0.00 0 0 0 0 0 
3+/Total 0.15 0.15 0.15 0.15 0.15 0.15        
Norm 
      
---- 
      
Q 0.00 0.00 0.00 0.00 0.00 0.00 
C 0.00 0.00 0.00 0.00 0.00 0.00 
Or 3.15 3.51 6.01 8.60 2.72 8.27 
Ab 28.62 29.25 30.48 25.67 27.87 33.61 
An 34.06 34.27 36.15 31.47 33.53 37.38 
Ne 0.00 0.00 1.28 3.04 0.00 1.05 
Di 10.03 8.97 8.38 10.23 11.10 4.03 
Hy 7.23 4.32 0.00 0.00 7.91 0.00 
Ol 12.37 15.16 13.96 16.83 12.15 12.72 
Mt 2.24 2.27 1.82 2.09 2.29 1.50 
Hm 0.00 0.00 0.00 0.00 0.00 0.00 
Il 2.28 2.24 1.90 2.06 2.41 1.43 
Ap 0.01 0.02 0.02 0.02 0.02 0.02        
Norm sum. 100.00 100.00 100.00 100.00 100.00 100.00        
An 51.74 51.12 49.77 47.87 52.29 47.16 
Ab 43.48 43.64 41.96 39.04 43.46 42.40 
Or 4.78 5.24 8.27 13.09 4.25 10.44        
% F-spar 65.83 67.03 72.64 65.74 64.12 79.26        
Mg# 43.2 43.0 42.1 44.4 43.7 42.4 
  
Table 2. Major oxides weight percentages and CIPW normative mineralogy calculations 
for SZ2 samples. 
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Figure 25. Ternary classification plot of normalized weight percentage of clinopyroxene, orthopyroxene, and plagioclase. Protoliths are 
plotted in red and shear rocks are plotted in blue for SZ2 samples. (Classification regions from Streckeisen, 1974). 
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Figure 26. Ternary classification plot of normalized weight percentage of pyroxene, olivine, and plagioclase. Protoliths are plotted in red 
and shear rocks are plotted in blue for SZ2 samples. (Classification regions from Streckeisen, 1974). 
49 
 
 
KV4A (ppm) KV4B (ppm) KV4D (ppm) KV4E (ppm) KV4G (ppm) KV4H (ppm) 
Ba 534 683 735 626 459 878 
Ni 34 59 56 44 58 36 
Sc 26 25 24 22 31 13 
Be <1 <1 <1 <1 <1 <1 
Co 36.5 50 44.3 39.9 45.3 33.1 
Cs <0.1 <0.1 0.2 <0.1 <0.1 0.3 
Ga 19.3 18.9 18.2 18.8 18.8 18.7 
Hf 0.4 0.4 0.4 0.4 0.6 0.3 
Nb <0.1 <0.1 <0.1 <0.1 <0.1 0.6 
Rb 0.7 1.3 20.5 11 0.9 23.5 
Sn <1 <1 <1 <1 <1 <1 
Sr 772.4 854.9 827.6 1000.8 721.5 969.4 
Ta <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Th <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
U <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
V 346 346 308 288 357 225 
W <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Zr 13 11.3 9.9 11.7 17.3 12 
Y 5.8 5.8 5.7 5.8 7.1 4.5 
La 2.9 2.7 3.2 4.5 2.8 5.5 
Ce 5.9 5.5 6.2 7.9 6.2 9.6 
Pr 0.88 0.84 0.88 1 0.91 1.21 
Nd 4.5 4.3 4.5 5 5.1 5.2 
Sm 1.1 1.25 1.04 1.13 1.34 0.98 
Eu 0.81 0.84 0.84 0.92 0.85 0.79 
Gd 1.33 1.24 1.28 1.25 1.57 0.94 
Tb 0.2 0.18 0.19 0.18 0.23 0.13 
Dy 1.13 1.07 1.15 1.09 1.42 0.76 
Ho 0.24 0.23 0.23 0.22 0.28 0.15 
Er 0.68 0.67 0.64 0.65 0.8 0.44 
Tm 0.1 0.08 0.08 0.08 0.1 0.07 
Yb 0.59 0.52 0.58 0.51 0.64 0.42 
Lu 0.08 0.08 0.07 0.08 0.09 0.06 
Mo <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Cu 52 82.2 109.5 93.3 61.5 37.8 
Pb 0.9 1.6 0.7 0.9 1.1 0.8 
Zn 16 48 57 40 34 46 
As <0.5 <0.5 <0.5 <0.5 <0.5 0.5 
Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Sb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 
Ag <0.1 0.1 <0.1 <0.1 0.1 <0.1 
Au 0.7 <0.5 <0.5 <0.5 <0.5 <0.5 
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Tl <0.1 <0.1 0.1 <0.1 <0.1 0.1 
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Table 3. Elemental concentrations for SZ2 samples determined from ICP-MS geochemical data. 
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Figure 27. Chondrite-normalized REE plot for samples KV4A, KV4B, KV4D, KV4E, KV4G, and KV4H. KV4A 
and KV4H were collected outside of the shear zone in the protolith rock and are depicted in red. KV4V, KV4D, 
KV4E, and KV4G are depicted in blue, and were collected from inside the shear zone. Normalizing values from 
Boynton (1984).  
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Volume Change Analysis  
The ratio of weight percentages of conserved oxides in the undeformed samples 
compared to the deformed samples allow for subsequent slope trends to signify concentration 
changes of the various oxides. This information can be used to predict if there were volume 
changes during deformation. For example, if the concentration of a particular oxide increases 
between the undeformed samples and deformed samples, this can be interpreted as a decrease in 
volume due to there being a higher percentage of the whole that is made up by said oxide 
constituent. According to the ratio of averaged weight percentages for Al2O3, Fe2O3, Zr, and 
TiO2, there is a positive trend in concentrations between sample types (Fig. 28). Additionally, 
there are no reported major changes in sample density between the samples adjacent to SZ2 and 
the samples within SZ2 (Fig. 29).  
Based on the average weight percentages and concentrations of conserved major oxide 
constituents as well as the relatively similar sample densities between deformed and undeformed 
samples, there was essentially no volume change associated with deformation. The slope of the 
linear regression line on Figure 28 was 0.93, and thus, if there was any change in volume, it 
would have been a slight decrease due to deformation (indicated by a slope <1).  
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Figure 28. Average concentrations for undeformed and deformed samples plotted as a proxy for volume change for SZ2 samples. 
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Figure 29. Average densities for SZ2 samples. Undeformed samples were collected from outside of SZ2 and are denoted with red bars, two 
sheared samples were collected as float from near SZ2 (blue bars), and sheared samples within SZ2 are also denoted with blue bars. 
Dashed lines denote where the SW and NE SZ2 boundaries are located in relation to the samples (at 0 m and 3 m). Gray whiskers denote 
the uncertainty. Light gray whiskers denote the uncertainty of the measurements.  
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3D Fabric Analysis 
In order to estimate the finite strain and 3D shape of the rocks in SZ2, a Flinn Diagram 
was plotted using the minimum aspect ratios of strain ellipses for plagioclase ribbons from two 
different orientations. Those orientations included perpendicular to foliation and parallel to 
lineation (Sx – Sz plane) and perpendicular to both foliation and lineation (Sy – Sz plane). Flinn 
Diagrams plot the natural log of axial ratios (ln(Sx/Sy) on the y-axis; ln(Sy/Sz) on the x-axis) as 
the coordinate axes (Fossen, 2010). By plotting the aspect ratios of samples in this fashion, strain 
geometries (k) can be delineated on the diagram: 
𝑘 =  
(𝑆𝑥/𝑆𝑦) − 1
(𝑆𝑦/𝑆𝑧) − 1
 
The line formed when ln(Sx/Sy) = ln(Sy/Sz) represents where there is apparent plane 
strain. Below this line, strain geometries can be described as oblate, or to be shaped similarly to 
pancakes (Sx ≥ Sy >> Sz), and close to the x-axis the strain would be characterized as perfect 
flattening strain. Above this line, in the field of apparent constriction, strain geometries can be 
described as prolate, or to be shaped similarly to burritos (Sx >> Sy ≥ Sz), and close to the y-axis 
the strain would be characterized as perfect constrictional strain (Fossen, 2010). The samples 
from SZ2 plotted below the apparent plane strain line; KV4B (k = 0.27) plotted in the oblate 
strain geometry region while KV4E (k = 0.03) plotted much closer to the x-axis (Fig. 30). Both 
samples plotted in the field of apparent flattening.   
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Figure 30. Flinn Diagram with the natural log of the strain axial ratios plotted for samples KV4B and KV4E. Because both 
samples plot below the line of Apparent Plane Strain, the strain can be characterized as general oblate strain. The x-axis 
represents symmetrical flattening and a strain geometry value of k = 0. The y-axis represents symmetrical extension and a strain 
geometry value of k = ∞. Strain geometries for the samples were calculated using k = ((Sx/Sy)-1)/((Sy/Sz)-1).  
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Vorticity Analysis 
Kinematic vorticity can tell us about past deformation in a shear zone and accounts for 
both simple and pure shear components (Simpson and De Paor, 1992; Forte and Bailey, 2007). 
The Rs/Θ Method was used for two samples from SZ2: KV4B and KV4E. These two samples 
were some of the few where plagioclase recrystallized ribbons could actually be measured for 
aspect ratios (Rs). The values henceforth represent minimum ratio of major axes and minor axes 
measurements and thus minimum Rs values due to some of the ribbons extending past the length 
of the sample. By plotting Rs against the difference in angle between the strike of the HSZB and 
strike of the foliation (Θ), the vorticity number for a sample can be determined from this pair of 
values along with the shear strain (γ) (Fig. 31; Fig. 32). The average vorticity number for SZ2 is 
Wm = 0.9, which denotes general shear (Forte and Bailey, 2007).   
Figure 31. Schematic, map scale diagram of SZ2 showing the change in Θ across the zone and approximate 
strain ellipses with proper aspect ratios for each portion of SZ2 (modified from Dr. Christopher Bailey, 2018). 
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Figure 32. Rs/Θ plot of samples from SZ2. Red curves represent vorticity number trend lines along which particular pairs of Rs and Θ 
values correspond (modified from Dr. Christopher Bailey, 2018). The equation defining γ is shown in the upper right corner of the plot. 
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Displacement Estimates 
In order to calculate the displacement (D) of SZ2, the shear strain (γ) was integrated 
across the width (W) of the shear zone. This accounts for the rotational component of 
deformation (vorticity) (Simpson and De Paor, 1992; Forte and Bailey, 2007; Fossen, 2010). 
Shear strain is equivalent to the tangent of angular shear (γ = tan(Ψ)) where angular shear 
describes the change in angle between perpendicular lines in a medium, or γ can be defined in 
terms of Θ (Fossen, 2010). 
𝐷 = ∫ 𝛾
𝑊
0
𝑑𝑊 
𝛾 =
2
𝑡𝑎𝑛(2𝜃)
 
Due to there being no precise function that describes and can be applied to all shear 
zones, there is thus no function that can be mathematically integrated. This calculation can still 
be completed using approximate integration, which was used for the SZ2. There would have 
been an estimated D = ~57 m for SZ2 assuming simple shear (Wm = 1), but a more accurate 
estimate of D = ~30 m reflects the fact that SZ2 most likely was formed via general shear (Fig. 
33). 
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Discussion 
Plotting the geochemistry of SZ2 samples using the mafic minerals of plagioclase, 
pyroxene, and olivine, showed that all of the samples fell within the olivine gabbro/olivine 
gabbronorite/olivine norite region (excluding sample KV4H). Normative mineralogy predicts 
these protoliths to have been olivine-normative, so it can be inferred from the ternary diagrams 
as well as the normative mineralogy that the protoliths once contained some percentage of 
olivine (Table 2). When plotted using plagioclase, clinopyroxene, and orthopyroxene, the 
distribution was more variable. Some samples plotted within the gabbronorite region, some 
within the gabbro region, and still others in the anorthosite region, yet they are clustered closely 
together. Thus, it is difficult to assign an exact rock name to these samples in regards to whether 
they are gabbro or gabbronorite, but it can be said that the samples taken from outside and inside 
of SZ2 are of the same rock type (some flavor of gabbro). Their geochemical constituents do not 
vary enough to suggest that the rocks inside of SZ2 are of another rock type. This is further 
supported by the results of the standard variation plot, the ACF ternary diagram, and the REE 
plot; all of the samples plot within 2-3% of one another on the standard variation diagram, 
extremely close together on the ACF diagram and all share the same positive Eu anomaly (Fig. 
21; Fig. 24; Fig. 27) 
Yet, Kassos (2008) and Kullerud et al. (2001) both report there to have been other 
distinct protolith rock types in addition to the gabbronorite host rock for SZ2. Both studies report 
a basaltic dike to be the host rock for the shear zone, surrounded by protoliths characterized as 
gabbro-anorthosite (Kullerud et al., 2001; Kassos, 2008) (Fig. 4). Kullerud et al. (2001) further 
subdivided the protoliths into three rock types: gabbro-anorthosite country rock, basaltic dike 
rock, and a xenolith of some composition that later was metamorphosed into eclogite and 
61 
 
retained its eclogite-facies mineral assemblage through the amphibolite-facies overprinting (Fig. 
4). The distribution of amphibolite-facies mineral assemblages and eclogite-facies mineral 
assemblages is attributed to the variable protolith rock types (Kullerud et. al., 2001). However, 
the present study does not support these findings, considering the relatively invariable chemical 
compositions between the host rock samples taken from outside of SZ2 and the rock samples 
taken from within SZ2. Additionally, the tight clustering of points plotted on the ACF diagram 
and ternary diagrams as well as the similar normative Mg numbers suggest very similar bulk 
chemistries for all of the rock samples (excluding KV4H) (Fig. 24; Fig. 25; Fig. 26) (Table 2). 
KV4H, collected from outside of the NE boundary of SZ2, had a thicker weathering rind and was 
not as fresh as the other samples, which perhaps could explain why some of the chemical 
constituents appear as outliers.   
Although the overall major oxide constituents do not vary enough to discern more than 
one rock type between the rocks adjacent to and within SZ2, there are notable increases in some 
trace elements (namely Rb, Ba, and Cu) and some slight elevations and lowering of major oxides 
in the middle of SZ2 (Table 2; Table 3) (Fig. 22). A possible explanation for this slight 
variability could be due to fluid injection which lead to a weakening of the rock such that 
deformation was able to occur. The homogeneity of the rocks found outside and inside of SZ2 
suggest that there is no rheologic reason for deformation to have occurred in this location in this 
fashion. Thus, there must be some external factor that lead to the shear zone propagation. This 
study argues for a fluid injection based petrologically on the minute geochemical changes seen 
across the zone, particularly in the center of the zone.  
The hypothesis of a fluid injection aiding shearing for SZ2 can be further supported by 
evidence found within thin sections. Samples KV4C and KV4D were taken from slightly off-
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center within SZ2 and show the most preserved flow markers, the least preferred orientation of 
plagioclase grains, and no garnet reaction rims between amphibole bodies and plagioclase 
ribbons (Fig. 17). The samples taken from closer to the boundaries of SZ2 do show more 
preferred orientation of plagioclase grains, less evidence of preserved flow markers, and do show 
garnet reaction rims between amphibole and plagioclase (Fig. 16; Fig. 20). Perhaps it can be 
inferred then, that the fluid injection did not allow for the chemical reactions to occur that caused 
the growth of garnet in rim-like formations and caused there to be more severe markers of flow 
preserved in those samples when compared to the others. Additionally, the presence of epidote, a 
hydrous mineral, could have formed due to an increase in fluid availability during deformation. 
There is also structural support for the idea of fluid injection as an initiating method of 
shearing. Based on the comparatively small size of SZ2 (3 m thickness and ~200 m in length), 
the estimated displacement (~30 m), and the stereogram results suggesting left-lateral 
kinematics, there was not a large amount of stress causing rocks to be transported over long 
distances (Fig. 9). These parameters are not conducive to forming eclogite at great depths and 
sending them far distances back up through the crust via extreme normal faulting, for example. 
Deformation would have had to occur at a much smaller scale, based on these data, which 
supports a smaller-scale process such as fluid injection.  
Recrystallized, equant plagioclase grains within the elongate plagioclase ribbons found 
inside of SZ2 suggest syntectonic recrystallization, otherwise known as dynamic 
recrystallization, or recrystallization that occurred simultaneously with deformation. This process 
of dynamic recrystallization occurs when stresses are placed on grains at great depths, pressures, 
and temperatures. The grains dislocate due to these stresses and create smaller, equant grains 
which then adhere back together because of the intense pressures and temperatures. The grains 
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are thus recrystallized at a smaller grain size and most likely formed the plagioclase elongate 
ribbons seen within SZ2. Other microstructures found within SZ2 samples include dissolved and 
heavily fractured garnet grain boundaries, which suggests that there was some sort of dissolution 
mass transfer. Chemical alteration, fracturing, and dissolution could be attributed to the presence 
of fluids that affected the mineral assemblage.  
Using these data, we can hypothesize how an injection of fluids actually caused a 
relatively homogenous crystalline rock to deform and create an eclogite-facies shear zone (before 
later being retrogressed). Deformation in this particular location under these particular 
metamorphic conditions cannot be attributed to differences in rock type and thus differences in 
rheology. A more likely idea is that of the involvement of strain weakening. Strain weakening, or 
the localization of shear deformation, can be caused by fluid infiltration, metamorphic reactions, 
and grain size reduction (Gueydan et al., 2014). In the case of SZ2, a hypothesized fluid injection 
flowed through the rock at eclogite-facies metamorphic conditions, dynamic recrystallization 
ensued thus diminishing the average grain size, and strain weakening caused localized shearing. 
Strain weakening is one method through which the rheologic differences of host rocks, or 
perhaps the lack thereof, do not play a significant role, and could thus explain the features seen 
in SZ2.  
According to Ramsay (1979) and his description of the various types of shear zones, SZ2 
would fall within the category of ductile. Ductile shear zones can exist in homogeneous, 
crystalline basement rocks which have endured metamorphic conditions up to amphibolite and 
granulite facies while also reflecting the mineralogy of the metamorphic facies under which the 
shearing occurred (Ramsay, 1979). These characteristics match the features reported here for 
SZ2. The mineralogy of the homogeneous, crystalline, originally-gabbronoritic rocks that host 
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SZ2 matches that of a retrogressed eclogite-facies shear zone that later experienced amphibolite-
facies overprinting. This finding is in agreement with the findings of Kassos (2008), who 
concurred in classifying the Nusfjord eclogite shear zone (SZ2 including others in the area) as 
ductile.  
Hull (1988) and Means (1995) describe shear zone types in regards to their regions of 
active deformation and changes in thickness. According to their criteria and the lack of 
considerable volume change within SZ2 during deformation, SZ2 would most likely be classified 
as Type II. Type II shear zones have actively deforming regions that thin over time towards the 
interior of the zone, which causes the marginal zones to become inactive (Hull 1988; Means 
1995). The vorticity number for SZ2 (0.9) suggests that there was some component of pure shear 
during deformation, and thus some degree of flattening strain as a result of pure shear stresses. 
Additionally, if there was a fluid injection that spurred strain weakening and thus localized 
deformation, the areas of highest intensity flow would have actively deformed to a higher degree 
than the margins of the shear zone where the fluid did not have as high intensity of flow. This 
would also lead to an active deformation zone that thins over time as the injected fluid exits the 
region.  
Kassos (2008) and Kullerud et al. (2001) found SZ2 to have experienced left-lateral 
kinematics and hypothesized fluid-mediated weakening to be a potential mechanism for the 
ductile shear zone formation. This is also in agreement with some of the evidence and 
hypotheses shown in this study. Mylonitic banding, or elongate ribbons of plagioclase 
interspersed with fine-grained amphibole, was documented in both the present study as well as 
the work done by Kassos (2008) and Kullerud et al. (2001), in addition to the observation that 
there was a higher degree of shear strain in the central portion of SZ2 as well as a difference in 
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garnet distribution when compared with the margins. The hypothesis that the fluid injection had 
more effects on the center of the zone is thus agreed upon in both studies.  
This scenario for shear zone development offers a possible explanation for its formation 
under eclogite-facies metamorphic conditions. Upon first glance, SZ2 has an interior that is 
exceptionally deformed and metamorphosed under extreme physical conditions at deep depths, 
and has exteriors that are not deformed and only moderately metamorphosed (Fig. 34). These 
features can be explained through the fluid-mediated strain weakening hypothesis. First, country 
rock would have descended to great depths in order to reach a temperature and pressure range 
consistent with eclogite-facies metamorphic conditions. Fluids would have been injected into the 
rock, catalyzing localized deformation in the form of ductile shear zones and chemically altered 
the mineralogy of such areas where this occurred (Fig. 35). As the deformed rocks ascend to the 
surface, they metamorphose again under amphibolite-facies conditions, thus further altering the 
mineral assemblage within the shear zone. Finally, the rocks ascend to the surface to where they 
can be seen today.  
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Figure 34. Schematic block diagrams of SZ2 showing the structures within the shear zone in 3D. Mylonitic features not to scale.  
67 
 
Shear zones are zones of weakness, in a greater geologic sense, and can tell us about 
processes that weaken the crust and thus affect plate tectonic collisions. Whether this is in the 
form of continental collisions or subduction, shear zones, especially shear zones involving such 
deep-forming rocks like eclogites, can provide key insights into how weakness is distributed and 
propagates in the deep crust. Gueydan et al. (2014) reports in their strength model of actively 
deforming plate boundaries that the strongest parts of the crust are the deep crustal portions, 
compared to the weaker mid-upper depths. In the case of SZ2, which is reported to have formed 
at ~50 km depth, we hypothesize that fluid injection was a key mechanism leading to weakness 
and ductile shearing, but at a comparatively small scale (only ~30 m of displacement) due to the 
increased strength of the crust at those depths (Stelenpohl et al., 2011b; Gueydan et al., 2014). 
As Steltenpohl et al. (2011b) notes in their study, eclogitization and shear zone formation 
occurred during the Caledonian Orogeny. This would have been a time when the Lofoten Island 
rocks had subducted to great depths due to the sinking of Baltica, and thus allowed for the host 
rock of SZ2 to reach eclogite-facies conditions in the first place (Fig. 35). The presence and flow 
of fluids through seismically-induced cracks at these depths thus contributed in the overall 
deformation associated with the Caledonian Orogeny (at the small scale as well as large scale 
through mountain building events forming the Scandinavian Caledonides). Three other ductile 
shear zones have been located within hundreds of meters of SZ2, which could represent a general 
weakening of this portion of the crust during subduction, fluid injection, and exhumation 
(Kullerud et al., 2001; Kassos, 2008; Steltenpohl et al., 2011b). 
  
68 
 
  
Figure 35. Schematic block diagrams of the Lofoten eclogitized shear zones and their exhumation path (modified from Steltenpohl 
et al., 2011b). Blue circles represent the presence of fluids.  
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Conclusion 
The rocks both within SZ2 and adjacent to it derive from the same gabbroic-
gabbronoritic host protolith based on a variety of petrologic data and analyses. The rocks are 
massive outside of the shear zone and are mylonitic within the shear zone, are all metaluminous 
with prominent Eu-anomalies and are olivine-normative. Mylonites exhibit an amphibolite-facies 
overprinting of their original mafic mineral assemblage, as well as the massive rocks outside of 
the NE boundary of the zone. There was essentially no volume change during deformation and 
densities across the zone remained invariable. Structural data, analyses, and observations show 
that SZ2 experienced general shear (Wm = 0.9) during shear zone formation and can be classified 
as a left-lateral, ductile shear zone. 3D strains yield apparent flattening and denote moderate-
strong oblate strain. Displacement for the zone was relatively low (D = ~30 m) due to the 
incorporation of zone normal shortening during shearing.  
The interpretation of these data in conjunction with information from previous works and 
qualitative observations suggests that as the original plutons were emplaced and subducted 
during the Caledonian Orogeny, there were seismically-induced cracks that allowed for fluid-
mediated strain weakening at eclogite-facies metamorphic conditions. This spurred dynamic 
recrystallization and shear zone formation. Amphibolite-facies overprinting occurred after this 
eclogite-facies shear zone formation as the rocks were beginning to exhume. This points towards 
crustal weakening during this time at both large, orogenic-scales and smaller scales through 
fluid-injection and resultant, low-displacement shearing.  
Further research could be devoted towards further chemical analyses of the sparse 
pyroxene grains found within SZ2 as well as a vorticity analysis and strain analysis for the 
remaining shear zones in the Nusfjord area and on other islands in Lofoten. Instances where 
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evidence of deep crustal processes get exhumed for observation and study today (such as 
eclogite-facies shear zones) are rare and extremely limited. Thus, their study and interpretation 
are vital to furthering our understanding on the small-scale and tectonic levels.  
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